Recent findings suggest that nitric oxide (NO .) is an important biologic mediator produced by a number of cell types including endothelial cells (1, 2), macrophages , cerebellar neurons (6), and neutrophils (7) . L-Arginine (L-arg) serves as the substrate for NO-production (1-4), while L-citrulline and nitrite/nitrate (N02 -/NO3 -) are the stable endproducts of this metabolic pathway (8, 9). We have previously shown that cocultures of rat Kupffer cells (KC) and hepatocytes (HC) also metabolize L-arg to citrulline and N02 -/NO3 -in response to lipopolysaccharide (LPS) (10). This L-arg metabolism was associated with a profound suppression of coculture total protein synthesis . When KC and HC were cultured alone, only KC metabolized L-arg in response to LPS. Therefore, we originally hypothesized that KC, like other M0, were the sole site of L-arg metabolism. However, KC :HC cocultures exposed to LPS produced three to five times more N02-/NO3 -and citrulline than LPS-activated KC cultured alone. Investigation of this discrepancy led to the subject of this report, that transferable KC products induce the conversion of significant quantities of L-arg to NO . in HC and that this metabolism of L-arg is associated with a concurrent reduction in HC protein synthesis .
tein synthesis, KC supernatant induced a threefold increase in N02-/NO3 -production by the HC. Both the increase in N02 -/NO3 -production and the suppression in HC protein synthesis were blocked if NMA, an inhibitor of NO-production from L-arg (8) , was added to the HC cultures with the conditioned KC supernatant. As seen in Mo (8) , the inhibitory effect of NMA on HC N02 -/N03 -production could be overcome with higher L-arg concentrations . These results strongly support the hypothesis that conditioned KC supernatant induced L-arg metabolism within the HC. However, in contrast to MO/KC, HC did not produce increases in citrulline that were equimolar in concentration to N02 -/NO3 -. Furthermore, no citrulline could be measured in lysates of HC exposed to KC supernatant, indicating that the citrulline was not retained intracellularly (data not shown) . It is possible that the citrulline was further metabolized, such as in the urea cycle.
Addition of IFN-,y (100 U/ml) or LPS (10 Ag/ml) to HC cultures, either alone or in combination, had no effect on HC protein synthesis or N02-/NO3 -production (Table I) . Similarly, the known endothelial cell stimulants, acetylcholine (10 AM) (1, 2), bradykinin (100 nM), and histamine (30 Ag/ml), did not induce L-arg metabolism within the HC cultures (data not shown). These findings rule out the possibility that the increase in N02-/NO3 -observed in KC supernatant-stimulated HC cultures was due to small numbers of contaminating Mo or endothelial cells. Furthermore, the findings show that these Mo and endothelial cell stimulants were not direct inducers of HC L-arg metabolism to NO. .
An active KC supernatant could be generated in the absence of L-arg (Table II) . However, when this L-arg-free KC supernatant was added to HC, there was a strict requirement for L-arg concentrations >,0.5 mM for both the suppression of protein synthesis and the maximal production of N02-/NO3 -. This finding excludes the possibility that a stable nitrosyl compound derived from L-arg was transferred in the KC supernatant, which then degraded in the HC cultures, providing a source of NO-. In addition, no increase in N02 -/NO3 -levels was seen if L-arg was added to the L-arg-free KC supernatant in the absence of cells, excluding the possibility that the NO-synthetase enzyme was transferred in the supernatant. The minorchanges in N02-/NO3 -concentration and protein synthesis that occurred in the absence of exogenous L-arg may reflect another L-arg source in the culture system, such as from the catabolism of serum proteins or intracellular L-arg stores . The time interval required for the induction of HC L-arg metabolism and the inhibition of protein synthesis is illustrated in Fig. 1 . HC N02-/NO3-production began after 8 h of KC supernatant exposure and increased in a linear manner from 8 to 24 h. Beyond 24 h, the N02-/NO3-production appeared to plateau . The 8-h delay in N02-/NO3-production is similar to that seen in Mo in which the NO . synthetase enzyme requires an induction period (13) . The suppression of HC protein synthesis followed a similar pattern. However, the suppression lagged behind the N02-/NO3 -release with an initial delay of 12 h after exposure to KC supernatant .
Direct measurements of NO-production by cells have been difficult because NO rapidly reacts with oxygen and water to form N02-/NO3 -. Recently, Stuehr et al. (5) have described an assay for NO-production that can be performed under aerobic conditions using Clostridiumpasteurianum ferredoxin (Fd). Fd exhibits a decrease in absorbance at 410 nm when NO-(but not N02-/NO3-) reacts with its intrinsic iron-sulfur center. HC that had been exposed to KC supernatant induced a significant decrease in the absorbance of Fd compared to unstimulated HC (Fig. 2) . This HCmediated bleaching of Fd absorbance was blocked by NMA, confirming that the HC used L-arg to produce NO-.
These findings represent the first demonstration that parenchymal cells from a solid organ are capable ofmetabolizing large quantities of L-arg to NO. . Previously, only endothelial cells (1, 2) and activated immune cells, such as MO (3) (4) (5) and neutrophils (7), have been shown to produce NO . from L-arg. Based on the quantity of N02 -/NO3 -produced per cell, HC appear to generate far greater quantities of nitrogen oxides than these other cell types. In addition, HC L-arg metabolism to Kinetics of HC N02-/ N03-(0) production and suppression of HC protein synthesis (O) after exposure to KC supernatant . At time intervals from 2-36 h after the addition of KC supernatant, HC production of N02-/NO3 -and protein synthesis were determined . The protein synthesis of HC exposed to KC supernatant is expressed as a percent ofthe protein synthesis of control (unstimulated) HC cultures from the corresponding time interval . The concentration of N02-/ N03-in the control HC cultures ranged from 22 t 3 AM at 2 h to 30 t 5 AM at 36 h. The concentration of N02-/NO3 -in the KC supernatant was 30 t 4 AM . Results are the mean t SD of quadruplicate cultures from one of five similar experiments. NO . was induced by the inflammatory products of activated KC, its neighboring cell type in vivo. The only other cell known to respond to products of activated MO in this manner is the murine adenocarcinoma cell line EMT-6 (14) . The net observed effect of HC L-arg metabolism to NO -is a decrease in protein synthesis. How NO. production induces this change is unknown, but it may be that HC-derived NO-impairs the mitochondrial respiration and ATP production needed for protein synthesis similar to the effects of NO-on tumor cell mitochondrial function (4, 15) . Also possible is that the HC-derived NO . mediates changes in cell function through other mechanisms or enzyme systems. For example, NO. appears to directly activate ADIRribosyl transferase (16) and it is known that NO . induces increases in intracellular cGMP by activating guanylate cyclase (1). We originally established the coculture model as a method to study the role of KC and HC interactions in the changes in liver function associated with sepsis and organ failure states . These data provide evidence that KC modulation of HC function may include the induction of L-arg metabolism to NO-within the HC. How this HC-derived NO. may contribute to the physiologic and pathologic responses of the liver remains to be determined. Summary A metabolic pathway by which L-arginine (Larg) is converted to the biologically active compound NO. has recently been described in macrophages (MO) and endothelial cells. This report demonstrates that transferable products from activated Kupffer cells (KC) induce the conversion of large quantities of L-arg to nitrogen oxides within hepatocytes (HC). In Mo and endothelial cells, citrulline and N02-/NO3 -are the stable endproducts of this metabolic pathway. In contrast, HC L-arg metabolism resulted in significantly greater production of N02-/NO3 -than citrulline . The generation ofNO-within HC was associated with a concurrent decrease in total protein synthesis.
